Characterizing corn (Zea mays L.) grain yield (GY) response to N is critical for maximizing profits, increasing N use efficiency and minimizing environmental impacts. Although a large database of GY response to N exists for highly productive soils, few data exist for less productive soils. While changes in precipitation are expected in the future, few studies have compared GY response to varying N management practices under conditions of varying water availability. We measured GY and basal stalk nitrate nitrogen (BSN) at harvest using split-applied urea at eight N rates under fully-irrigated (FI) and water-stressed (WS) conditions in a loamy sand over 2 yr (2009 and 2010). We also measured GY and BSN using single, pre-plant applications of urea, polymer-coated urea (PCU) and urea amended with urease and nitrification inhibitors (IU) at one or two N rates. The results showed that economic optimum nitrogen rate (EONR) and agronomic optimum nitrogen rate (AONR) did not vary by water management, in spite of significant increases in GY (up to 48%) under FI compared to WS. Modification of N fertilizer timing or N source was effective for increasing GY (by 18-41%) with FI, but did not affect GY under WS conditions. Averaged across years, BSN was greater with WS compared to FI at most N rates; however, BSN corresponding to AONR was within the optimal range for both water regimes. These findings may have important implications in areas where changes in irrigation practices or water availability are expected under future climate conditions. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the USDA, University of Minnesota, or University of Nebraska-Lincoln. The USDA is an equal opportunity provider and employer. *Corresponding author (crosen@umn.edu).
T raditional approaches to N rate recommendations have been based primarily on GY goal (Stanford, 1973) , soil organic matter content (Mulvaney et al., 2001) and, in some cases, previous crop and residual soil nitrate (NO 3 -) (Zebarth et al., 2001; Blackmer et al., 1997) . While these approaches may make intuitive sense, a compilation of field experiments with corn showed a weak relationship between EONR and maximum GY (Sawyer et al., 2006) . A different approach for N fertilizer rate recommendations in the upper Midwest was developed based on more than 600 field corn trials in several states (Sawyer et al., 2006) . However, a potential constraint of current guidelines is that they are based on response curves in highly productive soils and limited data are available for coarse-textured soils.
It is well known that corn is highly sensitive to water stress (El-Hendawy and Schmidhalter, 2010; NeSmith and Ritchie, 1992) , and timely irrigation increases yield (Stone et al., 2010) especially on sandy soils (Maharjan et al., 2014) . However, irrigation, coupled with unpredictable rainfall, can increase risk of N loss through leaching, especially if N is applied at rates greater than the optimum required for corn production (Ludwick et al., 1976; Al-Kaisi and Yin, 2003) . Thus, it is not clear if EONR-based N rate recommendations based on more productive, irrigated soils will also apply to non-or minimallyirrigated systems. While numerous studies have been conducted to determine N response under irrigated conditions (Endelman et al., 1974; Gehl et al., 2005; Ludwick et al., 1976; Stone et al., 2010) few have compared N response with true replication under similar soil and climatic conditions when water availability changes. Adjusting water availability with
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core Ideas
• Better understanding of water stress effects on corn response to N is needed.
• We measured yield response to N management with full irrigation and under water-stress.
• Optimum N rate did not vary by water management despite significant yield differences.
• Optimizing fertilizer timing or source increased yield but only with full irrigation.
• Basal stalk nitrate was higher with water-stress than with full irrigation.
irrigation on coarse-textured soils provides an opportunity to evaluate N response under contrasting yield potentials. The use of specialized "controlled-release" N fertilizer sources, including PCU and urea amended with IU, has the potential to minimize NO 3 -leaching (Wilson et al., 2010; Zvomuya et al., 2003) and nitrous oxide emissions (Halvorson et al., 2010; Hyatt et al., 2010) . There is some concern, however, about the effectiveness of PCU and IU under dryland conditions because of erratic release rates with fluctuating soil moisture (Fujinuma et al., 2009 ) and studies showing limited or no effectiveness (Sistani et al., 2011; Venterea et al., 2011) . It is not well understood how the agronomic effectiveness of controlled-release N sources may be affected by variation in water availability or management. Furthermore, changes in water availability to support irrigation, as well as changes in demand for irrigation sources, are predicted for many regions across the United States and the world, caused by projected changes in precipitation and temperature (Liu et al., 2013; McDonald and Girvetz, 2013; Yoshikawa et al., 2014) . Thus, better understanding of how water stress affects corn response to N rate and other N management practices is needed to adapt management to changing climate.
Basal stalk NO 3 --N has been widely used as a diagnostic tool to determine N status of corn (Binford et al., 1990) . The basis for this test is that NO 3 -tends to accumulate in the lower portion of corn stalks under stress conditions including drought, as well as following over-application of N fertilizers and manure (Hanway and Englehorn, 1958) . Post-harvest BSN measurements can potentially be useful in guiding N management in subsequent growing seasons. However, the reliability of BSN under varying water and N management is not known.
The objectives of this study were to quantify (i) corn GY, aboveground nitrogen uptake (ANU), nitrogen fertilizer recovery efficiency (NFRE), and BSN responses to N fertilizer rate in a coarse-textured soil under fully-irrigated (FI) and waterstressed (WS) conditions; (ii) EONR and AONR under FI and WS regimes; and (iii) the agronomic response to different N management systems comprised of varying combinations of N source, rate, and timing under FI and WS regimes.
MAterIAls ANd Methods site description and experimental design
The study was conducted at the University of Minnesota's Sand Plain Research Farm in Becker, MN (45°23¢ N, 93°53¢ W), over the course of two consecutive growing seasons (2009 and 2010) using adjacent sections of the farm each year. The soil is a Hubbard loamy sand (sandy, mixed, frigid Entic Hapludoll) containing 820, 100, and 80 g kg -1 of sand, silt, and clay, respectively, in the upper 0.15 m. Soil organic matter by loss on ignition (Combs and Nathan, 1998) was 23 g kg -1 , pH (1:1 soil/water) (Peters et al., 2012) was 5.7, Bray-1 P (Frank et al., 1998) was 24 g kg -1 and ammonium acetate extractable K (Warncke and Brown, 1998) was 79 g kg -1 in samples from the 0-to 0.15-m depth. Pre-season total inorganic N (NO 3 -+ NH 4 + ) (Gelderman and Beegle, 1998) in the upper 0.6 m was 20 and 19 kg N ha -1 in 2009 and 2010, respectively. The 30-yr average precipitation and daily temperature during the growing season (1 April through 31 October) are 531 mm and 16.0°C, respectively (MCWG, 2013 ). An onsite weather station (WatchDog Model 2800 Spectrum Technologies Inc, Plainfield, IL) was used to measure air temperature and precipitation at 10-min intervals.
For 3 yr prior to the experiment, the fields were planted to non-irrigated winter rye (Secale cereal L.) fertilized with 35 kg N ha -1 yr -1 . During each of these years, rye grain was harvested in summer followed by a rye winter cover crop that was incorporated by chisel and disking each spring together with potassium chloride and potassium-magnesium sulfate fertilizers each broadcast applied at the rate of 224 kg ha -1 . The current experiments were then established using a randomized complete block split-plot design with four blocks, where irrigation was the main plot factor and N fertilizer management was the subplot factor. In this region of the state and on this soil type, corn is grown under both irrigated and rain-fed conditions. However, a preliminary experiment conducted at the site in 2008 found that completely non-irrigated corn had almost a complete loss of GY (<15% of irrigated corn yield, unpublished data, 2008). Therefore, experiments in two subsequent years compared standard irrigation to minimal irrigation applied only to prevent extreme water stress during pollination. Irrigation treatments were designated as (i) fully-irrigated (FI), where main plots were irrigated based on the checkbook method for determining frequency and amount of water inputs as described in Wright (2002) , and (ii) water-stressed (WS), where main plots were not irrigated except in mid-season (July and early August) when soil matric potential at 0.3-m depth was ≤-50 KPa for two to four consecutive days and coincided with matric potential ≤-100 KPa at 1.2-m depth. Irrigation in all cases was applied using an aluminum solid-set overhead sprinkler system.
Each of the main FI and WS plots was subdivided into 12, 6 by 10.7 m subplots, which were assigned randomly to different N management treatments (Table 1) consisting of: (i1) an unfertilized control, (2-8) split application of urea (46-0-0) (split-U) at rates of 45, 90, 135, 180, 225, 270, and 315 kg N ha -1 , respectively, (9) pre-plant application of urea (pre-U) at 180 kg N ha -1 , (10-11) pre-plant application of PCU (44-0-0) (ESN; Agrium Advanced Technologies, Loveland, CO) at 180 and 225 kg N ha -1 , respectively, and (12) one pre-plant application of IU (46-0-0) (Super U; Agrotain International, St. Louis, MO) at 180 kg N ha -1 . The IU treatment had urease inhibitor N-(n-Butyl)-thiophosphoric triamide and nitrification inhibitor dicyandiamide. All treatments including the control received 5.6 kg N ha -1 of liquid fertilizer placed with the seed at planting as 10-34-0. Except for the pre-plant N treatments, N was applied in two split applications for the WS treatments and in three split applications for the FI treatments. The first urea application was applied 2 wk after emergence and the second was applied at the V6-V8 stage; both were surface-applied manually within 20 cm of the rows and incorporated with mechanical cultivation to a depth of 8 cm. The third urea application in the FI treatments was applied at initial tasseling using ureaammonium nitrate followed by irrigation to simulate fertigation, which is a recommended practice with full irrigation but not advisable under dryland production (Rehm et al., 2008) . Pre-plant treatments were applied as a broadcast application and then incorporated by disking. Table 1 provides additional details regarding source, rate, and timing of N fertilizer treatments. Corn (Syngenta N40T Series 99) was planted at a rate of 79,000 seeds ha -1 for FI and 68,000 seed ha -1 for WS on 8 May 2009 and 26 Apr. 2010. Use of reduced seeding rates for WS is a standard grower practice in the area, which reduces competition for water and the possibility of water stress in dry years (Barr et al., 2013) . Irrigation water had nitrate-N concentrations of 9 to 11 mg L -1 and provided additional N inputs of 35 and 3 kg N ha -1 , respectively, in the FI and WS treatments in 2009, and 28 and 2 kg N ha -1 , respectively, in 2010. Irrigation inputs of N were not considered in the current data analysis because farmers typically do not consider irrigation water in their N management plans when nitrate-N concentrations are <10 mg L -1 (Lamb et al., 2015) , and because irrigation can increase leaching losses of N (Maharjan et al., 2014) , thus negating the increased N input.
crop Measurements
After physiological maturity, corn ears were harvested by hand from 6.1 m of row from each of the middle two rows of each subplot. Ears were dried, shelled, and further dried for 3 d at 65°C and weighed to obtain dry grain and cob yield. Stover yield was estimated by measuring the weight of eight random stalks per plot from the middle two rows where corn ears were harvested. Subsamples of grain, cob, and stover tissue were collected to determine moisture content at harvest and then ground to determine N concentrations in each plant component (i.e., grain, cob, and stover) using an elemental N combustion analyzer (VarioEL; Elementar, Hanau, Germany).
Aboveground nitrogen uptake (ANU) was calculated from the sum of N harvested in grain, cob, and stoverexpressed on a dry mass basis. For BSN, 0.20-m stalk sample segments were collected 0.15 m above the ground from 12 plants in each plot. Samples were dried to constant weight at 65°C, ground using a Wiley mill and then extracted with water for subsequent BSN determination (Carlson et al., 1990) . The BSN results were categorized into excessive, optimal, marginal, and low ranges as defined by Blackmer and Mallarino (1996) . Relative N use efficiency was expressed as N fertilizer recovery efficiency (NFRE, %), calculated using (B f -B 0 )/F×100, where B is ANU (kg N ha -1 ), F is fertilizer N applied (kg N ha -1 ) and the subscripts f and 0 refer to values for a given treatment and the zero-N control treatment, respectively, within the same block.
data Analysis
Treatments 1 to 8 (Table 1) all received conventional urea at varying N rates and are therefore referred to as comprising the "Urea N rate" study. Data from these treatments were analyzed separately to evaluate effects of year, irrigation, and N rate on crop response variables. Treatments 5 to 6 and 9 to 12 received varying N sources (urea, PCU, or IU) with either pre-plant or post-plant split application timing, with an N rate of either 180 or 225 kg N ha -1 . Therefore, data from these treatments are referred to as comprising the "Source/timing/rate" study and were analyzed separately to evaluate effects of year, irrigation, and N management "system", where each system consisted of a combination of source, timing, and rate. Treatment effects on crop response variables were evaluated using Proc Mixed in Table 1 . Source, rate and timing of N fertilizer (Urea; PCU, polymer coated urea; IU, urea with inhibitors) application.
N Treatment
Pre-plant † 2 wk after emergence (as urea)
3-4 wk after emergence (as urea) 6-7 wk after emergence SAS with year, irrigation, and N rate (in the urea N rate study) or N management system (in the source/timing/rate study) treated as fixed effects, and with block, and all interactions of block with other terms, treated as random effects (Littell et al., 2006; SAS, 2003) . Year was treated as a fixed effect to evaluate effects of differences in weather between growing seasons. Data from Treatments 1 to 8 were also used to calculate AONR and EONR (Cerrato and Blackmer, 1990) . The AONR was determined for each block using a quadratic plateau model in SAS (SAS, 2003) . The EONR was determined for each block using the same statistical model obtained for the AONR and by assuming a ratio of 5.6 between the cost of a kilogram of N and price of a kilogram of corn (this is equivalent to a ratio of 0.1 for the cost in U.S. dollars of a pound of N and price of a bushel of corn). Treatment effects on AONR and ENOR were evaluated using Proc Mixed in SAS with year and irrigation treated as fixed effects and with block, and all interactions of block with other terms, treated as random effects (Littell et al., 2006; SAS Institute, 2003) . Additional pairwise comparisons were conducted in the source/timing/rate study to compare N sources applied at the same rate using contrasts in SAS with significance criteria of P < 0.05. Results from second-order polynomial regression to determine relationship between N rate and several of the dependent variables were expressed as the square of the coefficients of correlation (R 2 ). 
-----------------Same as irrigated treatments ------------------ † Applied
1.0°C in June, 3.3°C in July and August, and 5.2°C in October, while September in 2010 was cooler by 3.6°C compared with 2009.
urea Nitrogen rate study
There was a significant irrigation × N rate interaction effect on GY and BSN (Table 2) . While GY was always significantly greater in FI compared to WS, the magnitude of differences varied by N rate (Fig. 2) . In both years, BSN tended to be greater in WS compared to FI, but was significantly greater only at specific N rates (Fig. 3 ). Significant year × N rate interaction effects were observed for GY, ANU, and NFRE (Fig. 4) as well as BSN (Fig. 5) . Grain yield and ANU tended to be greater in 2009 than 2010, but the differences were significant only at specific N rates (Fig. 4a, 4b) . The NFRE was significantly greater in 2010 than 2009 at 90 kg N ha -1 , but in contrast NFRE was significantly greater in 2009 than 2010 at 270 kg N ha -1 and did not differ by year at other N rates (Fig.  4c) . Averaged across years (Fig. 2) and across irrigation regimes (Fig. 4a) , GY was well-described by quadratic plateau models. Averaged across water management treatments, ANU was well described by a second-order polynomial model (R 2 = 0.98) and increased in response to increasing N rate (Fig. 4b) . In 2010, NFRE was well described by a decreasing second-order polynomial model (R 2 = 0.92). However, in 2009 NFRE was less well described by a polynomial model (R 2 = 0.60) and exhibited apparent maximum values at intermediate N rates (Fig.  4c) . Averaged over irrigation treatments, BSN increased with increasing N rate both years but tended to be greater in 2010 than 2009 at all rates except the 90 kg ha -1 rate (Fig. 5) Although EONR and AONR were numerically greater in the FI treatment compared to WS averaged across years (Fig.  2) , irrigation management did not significantly affect EONR (P = 0.55) or AONR (P = 0.71) ( Table 2) . Similarly, while there was an apparent trend for greater EONR (P = 0.10) and AONR (P = 0.12) in 2009 compared to 2010 averaged across irrigation regimes, year did not significantly affect EONR or AONR (Table 2 , Fig. 3a) . When averaged across years, BSN values corresponding to AONR fell within the optimal (700-2000 mg NO 3 --N kg -1 ) range for both FI and WS treatments (Fig. 3b) . Similarly, when averaged over irrigation management, BSN levels corresponding to AONR were within the optimum range in both years (Fig. 5b) .
source/timing/rate study
There were significant irrigation × N management system and year × irrigation interaction effects on GY (Table 3) . Averaged across years, GY was consistently greater in FI than WS for all N management systems (Fig. 6a) . Within the WS irrigation regime, N management system did not significantly affect GY. In contrast, within the FI irrigation regime, GY was significantly greater with split-applied urea (180 and 225 kg N ha -1 ) and pre-plant-applied PCU (225 kg N ha -1 ) compared to pre-plant applied PCU (180 kg N ha -1 ), preplant applied IU (180 kg N ha -1 ) and pre-plant applied urea (180 kg N ha -1 ), which had lower GY than all other treatments (Fig. 6a) . Averaged across N management systems, GY was greater in 2009 than 2010 for both the FI and WS treatments (Fig. 6b ).
Significant year × irrigation × N management effects were observed for ANU, BSN, and NFRE (Tables 3 and 4 ). In 2010, ANU was significantly greater in FI than WS for all N management systems. In 2009, ANU was greater in FI than WS with Split-U (180 and 225 kg N ha -1 ), but ANU was greater in WS than FI with Pre-U (180 kg N ha -1 ) and PCU (180 kg N ha -1 ). The BSN was greater in WS than FI for all systems except split-U at 180 and 225 kg N ha -1 in 2009. In 2010, BSN was greater in WS than FI for two systems (split-U at 180 kg N ha -1 and IU at 180 kg N ha -1 ) but did not differ Asterisks (*) indicate significant differences between FI and WS at Pc < c0.05 for a given N rate. In (b), colored horizontal lines represent boundaries between excessive, optimal, marginal, and low BSN categories (Blackmer and Mallarino, 1996) .
by water management in the other systems. In 2009, NFRE was greater in FI than WS with Split-U (180 kg N ha -1 ), but greater in WS than FI for Pre-U, PCU, and IU all applied at 180 kg N ha -1 . Irrigation did not significantly affect NFRE in 2010. Averaged across irrigation treatments, based on pair-wise comparisons among the four N management systems where 180 kg N ha -1 was applied, Split-U had greater GY, ANU, and NFRE than Pre-U, PCU, and IU, while all crop response variables were significantly greater in PCU and IU compared to Pre-U (data not shown). Split-U (180 kg N ha -1 ) also had greater BSN than PCU (180 kg N ha -1 ). In pair-wise comparisons of Split-U and PCU, both applied at 225 kg N ha -1 , no significant differences were observed for any response variables (data not shown). dIscussIoN urea Nitrogen rate study Numerous studies have reported reduction in corn GY as a result of water stress on canopy development (Oktem, 2008; Stone et al., 2001 ) and kernel number and weight (Karam et al., 2003; Pandey et al., 2000) . In the current study, GY significantly increased with irrigation as reported in other studies (Simsek et al., 2011; Yi et al., 2011; NeSmith and Ritchie, 1992) at all N rates in both years. As expected, irrigation scheduled according to the checkbook method was more effective than the reduced irrigation treatment of this study.
In 2010, precipitation events were more frequent, more intense, and greater in total amount than in 2009. Significantly greater NO 3 -leaching was reported in 2010 compared to 2009 in the 180 kg N ha -1 treatments in the same research plots (Maharjan et al., 2014) . This possibly explains lower GY and ANU in 2010 compared to 2009 at some N rates in the current study. It is well known that precipitation occurring in larger events can cause significant N loss, thus affecting yield. For example, 25.4 mm (1 inch) of irrigation or rainfall has been shown to result in the transport of soil NO 3 -a distance of 150 to 200 mm in a loamy sand (Endelman et al., 1974) . These results therefore suggest that even when using split N application, which is generally recommended as a best management practice to reduce N loss, large rainfall events can result in substantial loss of yield. Original analyses were conducted on the log of BSN data shown in (a). Lines represent fitted polynomial models. Asterisks (*) indicate significant differences between 2009 and 2010 at P < 0.05 for a given N rate. In plate (b), colored horizontal lines represent boundaries between excessive, optimal, marginal, and low BSN categories (Blackmer and Mallarino, 1996) . § Irrigation treatments include fully-irrigated (FI) and water-stressed (WS). ¶ Nitrogen management systems include split applied urea (split-U), pre-plant applied urea, polymer-coated urea (PCU) and urea with inhibitors (IU) each at N rates of 180 kg N ha -1 , and split-U and PCU each at N rates of 225 kg N ha -1 . Fig. 6 . Mean grain yield in the source/timing/rate study for fully-irrigated (FI) and water-stressed (WS) treatments in 2009 and 2010 under different N management systems, which included split applied urea (Split-U), pre-plant applied urea (Pre-U), polymer-coated urea (PCU), and urea with inhibitors (IU) each at N rates of 180 kg N ha -1 , and Split-U and PCU each at N rates of 225 kg N ha -1 averaged across (a) years and (b) N management systems. Means with the same letter are not significantly different (P < 0.05). Split-U 180  22hi  90fgh  565cd  2003ab  Split-U 225  350def  286de  1062abc  2513a  pre-U 180  17i  1288abc  58efg  155fgh  PCU 180  9i  570abc  200def  281def  PCU 225  46ghi  1636ab  637bcd  1973ab  IU 180  16i  1299abc  90efg  914abc  NFRE, %  Split-U 180  83a  65cde  67bcde  69abcd  Split-U 225  70abcd  63cdef  50fghij  54efghi  Pre-U 180  40ijk  72abc  23l  29kl  PCU 180  49fghij  81ab  44hij  47ghij  PCU 225  57defgh  71abc  50fghij  44hij  IU 180  60cdefg  82a  47ghij 39jk † N management systems include split applied urea (split-U), preplant applied urea, polymer-coated urea (PCU) and urea with inhibitors (IU) each at N rates of 180 kg N ha -1 , and split-U and PCU each at N rates of 225 kg N ha -1 .
‡ Irrigation treatments includes fully-irrigated (FI) and water-stressed (WS). § ANU is aboveground nitrogen uptake, BSN is basal stalk nitrate nitrogen, NFRE is nitrogen fertilizer recovery efficiency. ¶ Within a response variable, means followed by the same letter are not significantly different (P < 0.05). # Original analyses were conducted on the log of BSN data to meet homogeneity of variance requirements but the untransformed data are presented here.
The interacting effects of irrigation × N rate and year × N rate on GY caused the response to vary in terms of slope and in estimates of EONR and AONR. However, while irrigation had a positive effect on GY, mean EONR and AONR values did not differ significantly by irrigation or year. The mean values of AONR exceeded the corresponding EONR mean values by 22 and 26 kg N ha -1 in the FI and WS treatments, respectively. However, the increases in GY corresponding to AONRs compared to ENORs was small (0.1 Mg ha -1 ) and insignificant in both FI and WS. In 2010, where N was more prone to loss through leaching and GYs were less than in 2009, the mean AONR value averaged across irrigation regimes exceeded the mean EONR value by 25 kg N ha -1 with a corresponding increase in GY of 0.6 Mg ha -1 . In 2009, GY increased by a smaller amount (0.1 Mg ha -1 ) for a 28 kg N ha -1 increase in applied N corresponding to the difference between mean EONR and AONR values. The lack of a relationship between yield goal and optimum N rate when numerous studies are combined may in part be due to variability in soil water availability and unaccounted for N loss.
In 2010, the NFRE response curve was more linear than in 2009, where the curve was C-shaped with the greatest NFRE at 135 kg N ha -1 (Fig. 4c) . Aboveground N uptake increased with increasing N rate; however, since the NFRE calculation is based on the difference in N uptake between the fertilized and control plots, these low N yields skewed the NFRE calculation in favor of lower N rates. Such inverse relationship between crop N uptake and NFRE was also reported in a tillage study (Venterea et al., 2011 ). In the current study, NFRE tended to decrease with increasing N rates suggesting that the lower N rates used fertilizer N more efficiently compared to higher N rates.
The BSN test has been demonstrated to be an effective diagnostic tool to detect excessive N application in the previous crop (Binford et al., 1990 (Binford et al., , 1992 . Current Iowa State University recommendations (Blackmer and Mallarino, 1996) for N management identify four BSN categories: low (<250 mg kg -1 ), marginal (250-700 mg kg -1 ), optimal (700-2000 mg kg -1 ) and excessive (>2000 mg kg -1 ). In this study, BSN values corresponding to AONRs in both years were within optimal categories when averaged over irrigation man- --N corresponding to AONRs also suggests a positive effect of irrigation on grain N uptake. The BSN values were in the low category at lower rates of applied urea-N and increased with increased application of N (r 2 = 0.44, P < 0.0001) as was observed by Binford et al. (1990) . The increase in BSN was steeper at greater N rates in WS plots than in the FI (Fig. 3b) . Other than excessive use of N input, any extreme event that can cause plant stress can also lead to increased values of BSN. In this study, the WS treatments had increased BSN primarily caused by reduced water input, which eventually affected GY. In such conditions of limited yield potential, addition of more fertilizer may result in accumulation of BSN indicating that greater rates of fertilization would not have increased GY. These results suggest that BSN is an effective end-of-season diagnostic tool to determine excessive N input, but in some cases may potentially be confounded with severe weather conditions such as drought stress.
source/timing/rate study Basal stalk NO 3 --N concentration was greater in WS than in FI in most of treatments in both years but GY was in reverse order (FI > WS). In 2010, BSN was in the excessive range in the WS treatments with split-U. These results indicate that the reduced GY in the WS treatment was a result of a lack of timely and amount of water input through irrigation and resulted in NO 3 --N accumulation in basal stalks. Therefore, while interpreting BSN accumulation, appropriate consideration is warranted for factors such as water management, insect damage, weed infestation, or weather conditions which can limit crop growth early in the season and as a result, N input ends up accumulating as BSN in lieu of increasing yields.
Irrigation did not affect NFRE for any of N treatments in 2010 and had a mixed effect on NFRE in 2009. In FI treatments, NFRE was greater with split U than pre-U, PCU, or IU at the 180 kg N ha -1 rate and there was no difference between split-U and PCU both applied at 225 kg N ha -1 . In WS treatments, NFRE was less consistent with N treatments.
Grain yield was not affected by N source/timing/rate in the WS treatment, in contrast to the FI treatment. In WS plots, sustaining prolonged availability of N in soil for plant uptake through the use of PCU or IU, or split application of urea did not increase GY compared to pre-U (Fig. 5 ). This signifies that there was no economic return on the extra costs of these practices.
In FI plots, the split-U treatment at the lower N rate (180 kg N ha -1 ) had greater GY than other N sources applied at same rate and it also had similar GY as other N sources applied at higher N rate (225 kg N ha -1 ) (Fig. 6) . Urea when applied pre-plant resulted in the lowest of all yields, thus indicating pre-plant urea application is not an efficient N management practice in irrigated sandy soil corn production. The risk of N loss through leaching increases when N fertilizer is applied in a onetime application at planting or preplant. Therefore, splitting N application is considered a best management practice (Lamb et al., 2015; Gehl et al., 2005; Abdin et al., 1996) . In addition to less potential for N leaching to ground water, split application of N fertilizer is also very important to achieve high corn yields on irrigated sandy soils (Lamb et al., 2015) . When N management was improved with split N application as practiced in the current study, Gehl et al. (2005) reported that maximum corn yield on irrigated sandy soils could be achieved at much lower (>50%) N rate compared to N recommendation for one-time application.
Numerous studies have indicated that alternate N sources such as PCU and IU make N more available for plant uptake before it is lost because of the slow N release through coating (in case of PCU) and slow transformation of urea-N into NH 4 + and subsequently to NO 3 -through chemical inhibitions (in case of IU) (Gagnon et al., 2012; Noellsch et al., 2009 ). In the current study with adequate irrigation, both alternate N sources (PCU and IU), applied at pre-plant performed better than pre-plant urea but did not perform as well as split-U. Urea when split applied reduces N loss compared to one-time pre-plant applied urea and keeps N readily available for crops throughout season. Based on the results of this study, split-U application was the most efficient N treatment in terms of yield per unit applied N. Further studies are needed to evaluate timing of PCU and IU relative to split-U. Delaying application of PCU or IU to shortly after emergence may be more effective than a pre-plant broadcast application. coNclusIoNs Irrigation did not affect EONR or AONR but increased GY and ANU at corresponding N rates. Thus, under the conditions of this study, the N rate at which maximum grain yield was achieved (ANOR), and the recommended N rate based on economic factors (EONR), were not related to grain yield level. As N rate increased, NFRE decreased indicating that fertilizer N uptake and GY per unit N uptake were less efficient at higher N rates. When irrigated, split applications of urea produced superior corn GY and NFRE when compared to pre-plant applications of specialized N sources (PCU, IU) all applied at same rate. With proper irrigation, a one-time pre-plant applied PCU and IU performed better than similarly applied urea and provides an alternative if for some reason, one cannot opt for split applications. The finding that GY did not respond to N source and timing under water stress, in contrast with the significant responses observed under full-irrigation, may have important implications in areas within the United States and across the world where changes in irrigation practices are expected under future climate conditions. Further study is needed to evaluate these effects across a range of soil, climate, and management conditions.
